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PREFACE
I knew that I wanted be a scientist before I was in kindergarten. Since I was able
to ask why there was night and day, and my dad used two baseballs to demonstrate the
movement of the earth around the sun, I have been fascinated with the explanations
available on the workings of the universe. In school, I found that chemistry was a superb
launching pad to explore many of the aspects of the universe that fascinated me. I loved
learning how biological systems were built up from chemical reactions, and how the
composition of the stars could be determined from the color of their light.
The further I progress into this field, the more reverence I have for the
incremental process of expanding the pool of human knowledge. Though massive leaps
of intuition are involved in some major insights that propelled fields forward, many more
times, fields are progressed due to the exchange of tiny pieces of insight. It is when a
group of curious people get together and discuss the results that frustrate them with their
opacity, that many vital connections are made. No matter how disappointing results may
be in the lab, they are still a valuable contribution-quantum theory came out of a series of
very frustrating experiments after all!
Each year that I have studied chemistry, I have only fallen more in love with the
topic. I feel incredibly lucky to know of the contributions of the thousands before me, and
to have the chance to make a contribution to a more peaceful, prosperous, and beautiful
world through science.
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The development of organic-inorganic hybrid materials is of great interest in
thermoelectrics for its potential to combine the desirable characteristics of both classes of
materials. Thermoelectric materials must combine low thermal conductivity with high
electrical conductivity, but in most materials, thermal and electrical conductivity are
closely related and positively correlated. By combining the low thermal conductivity,
flexibility, facile processing, and low cost of organic components with the high electrical
conductivity and stability of inorganic components, materials with beneficial
thermoelectric properties may be realized.
Here, we describe the synthesis and characterization of anthracene-containing
organic-inorganic hybrid materials for thermoelectric purposes. Specifically, POSS-ANT
was synthesized when aminopropylisobutyl-POSS was functionalized with a single
anthracene unit via DCC-mediated amide formation. Acrylate-POSS was functionalized
with multiple anthracene units in a Heck coupling reaction to synthesize System 1.
System 2 was developed through a two-step synthetic process. In the first reaction, (3acryloxypropyl)methyl dimethyoxy silane was functionalized with anthracene at the 9position through a Heck coupling reaction. The second reaction was a base-catalyzed solgel process to form polymeric nanoparticles. Finally, System 3 was synthesized through a
similar process to System 2, though polymers formed in the initial step. The System 3
precursor was to be developed through a potassium carbonate-catalyzed ether synthesis
x

from 3-(bromopropyl)trimethoxysilane and 9-anthracene methanol, followed by a basecatalyzed sol-gel process to form nanoparticles. The precursor was never isolated because
of premature polymerization during the precursor synthesis step, and polymeric
nanoparticles were obtained for System 3 during the sol-gel process. These materials
were characterized by TEM to reveal the nanostructures that formed upon evaporation
from solution. Future work will focus on the characterization of thermoelectric
parameters and incorporation into thermoelectric devices.
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CHAPTER 1
INTRODUCTION
1.1 Overview
There is increased interest in the production of energy from renewable resources,
including waste heat.1 Thermoelectric technology would be of particular interest if the cost
per unit of power produced were reduced significantly.2 The ideal thermoelectric material
would be abundant, inexpensive, easily processed, thermally nonconductive, electrically
conductive, durable, and nonreactive.3 The thermoelectric properties of materials can be
improved through a variety of other strategies, including doping, solution processing, 2
morphology control,4 carbon nanotube (CNT) incorporation,5 nanostructuring,6 and
production of organic-inorganic hybrid materials.7
Traditionally, inorganic materials have been used for thermoelectricity, but they are
costly, rare, toxic, and brittle, as well as highly thermally conductive.2,4 Organic materials
tend to be abundant, inexpensive, easily tuned and processed, as well as thermally
nonconductive, though they usually have poor electrical conductivities, yielding lower
power production compared to inorganic thermoelectric materials.8 Organic-inorganic
hybrid materials offer the unique opportunity to combine desirable properties of both
classes of compounds, as well as properties that may not exist in either material.7 Hybrid
materials may yield inexpensive, low-toxicity, tunable, processable, thermally nonconductive, electrically conductive, flexible, and durable material that is desired for these
applications.26, 27, 11
Polyoligomeric silsesquoixanes (POSS) and silanes are attractive inorganic materials
to hybridize because they are easily functionalized with organic groups, abundant,
1

inexpensive, easily processed, highly ordered, and nanoscale in dimension. These materials
are often polymerized using sol-gel processing, which is a rapid and irreversible way to
form polymers.12 Polymers are often stable under ambient conditions and flexible, which
are desirable features for thermoelectric applications.13,4

1.2 General Goal of Research
The general goal of my research is to synthesize novel organic-inorganic hybrid
materials from POSS and silane functionalized with anthracene moieties. The synthetic
conditions were optimized for high yield and purity, and the polymerization and
nanoparticle formation conditions were optimized to promote the self-assembly of highly
ordered structures from solution to thin films.
To this end, four organic-inorganic hybrid materials were synthesized and
characterized containing anthracene as the organic component, and POSS or silane as the
inorganic component. The structures of these materials are available in Chart 1.1. POSSANT was synthesized from 9-anthracene methanol coupled with t-butyl-POSS-isopropyl
amine by a DCC-catalyzed esterification reaction. System 1 was synthesized from 9bromoanthracene coupled to acrylate POSS viHeck coupling. System 2 precursor was
synthesized by substituting 9-bromoanthracene onto (3-acryloxypropyl)methyl dimethoxy
silane using Heck coupling. System 2 polymer was then created from the precursor using
a base-catalyzed sol-gel process. The synthesis of System 3 precursor was attempted by
substitution of 9-anthracene methanol onto 3-(bromopropyl)trimethoxysilane in a
Williamson ether reaction in the prescence potassium carbonate, though this precursor was

2

never isolated as it polymerized during the first step of the reaction. In System 3, particle
formation was encouraged by reacting the precursor in an ammonium hydroxide and
ethanol solution. Particle formation conditions were optimized to facilitate the
development of more ordered structures, which tend to have more desirable thermoelectric
properties.

(b)

(a)

(c)

(d)

Chart 1.1: The structures of the target molecules, POSS-ANT (a), System 1 polymer (b),
System 2 polymer (c), and System 3 polymer (d).
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CHAPTER 2
BACKGROUND
2.1 Overview
The development of green energy technology is critical for sustaining a decent quality
of life while reducing contributions to greenhouse gas emissions.1 Thermoelectric (TE)
technology may be a valuable green energy source, especially if the cost per unit can be
significantly reduced.2 Organic and organic-inorganic hybrid materials may aid in the
reduction of cost of TE devices. They possess valuable TE qualities including abundance,
low thermal conductivity, flexibility, low cost, easy processing, and scalability. Drawbacks
of working with organic TE materials include low electrical conductivity, instability, and
typically, low power production.2 Strategies are being developed to overcome these issues,
including doping, solution processing,2 morphology control,4 carbon nanotube (CNT)
incorporation,5 nanostructuring,6 and hybridization with inorganic materials.14 With these
advancements, and more to come, it is likely that organic TE materials will be increasingly
incorporated into device manufacture.

2.2 The Importance of Green Energy
There is much concern about the impact of greenhouse gas emission on global
climate.15 Between 1880 and 2012, the global average land and ocean surface temperature
increased by 0.85±0.20°C. Increased global temperatures is likely to increase climate
variability and sea levels. Humans may have difficulty adjusting to these conditions,
especially if greenhouse gas emission is not reduced significantly in the near future.15
Fossil fuel demand continues to increase, especially in developing nations with increasing
4

populations.1 In order to maintain a high standard of living while protecting the
environment and human health from greenhouse gas emissions, green energy strategies
with lower carbon footprints are necessary.1
Thermoelectric generation is the production of electricity from existing gradients
in temperature.2 This method is considered to be green because there is no greenhouse gas
production during device operation.2 Renewable energy use has been growing in recent
years, accounting for 12.9% of global electricity production in 2008,16 and nearly 22% of
global production in 2012.17 Of 2012 renewable energy production, 1.4% of the electricity
was supplied by geothermal energy, which was the only type of thermoelectric energy
source listed.17 Production of low-cost, reasonably efficient TE devices is crucial to
increasing the use of this technology.

2.3 The Basics of TE Generation
A schematic diagram of a typical TE device architecture is available in Fig. 2.1.
Most TE devices feature the combination of two semiconductor materials, one p-type, and
one n-type, connected by a junction and which a temperature difference across the device
to produce voltage.3 The charge carriers of the n-type material are electrons, while
positively charged holes are the charge carriers of the p-type material.18 When heat is
applied to one side of the device, both types of charge carriers diffuse towards the cool end
of the device, creating a difference in potential energy. The magnitude of this voltage is
proportional to the temperature difference.18

5

Figure 2.1: A schematic diagram of typical TE device architecture, including the n-type
semiconductor (SC) branch, p-type semiconductor branch, the hot and cold side of the
device, and the junctions. The current flows from the p-type material to the n-type material
side of the device.
2.3.1 Seebeck Effect
The Seebeck effect is the phenomenon underlying TE technology.3 It was first
discovered by Seebeck, who noted that when two wires of different materials were
connected at a junction, and a temperature difference was applied to the junction, a small
voltage was generated. The magnitude of this voltage was directly proportional to the
magnitude of the temperature difference applied to the junction. This electromotive force
is generated because charge carriers diffuse from the heated to the cool side of the material.3

2.3.2 Conduction and Band Gap
Conduction of electricity requires the transport of charge carriers, which are
electrons and holes.3 Holes are not a physical particle; rather, they describe the positively
6

charged space created by the removal of an electron. The charge carriers must also be quasifree in order to be conductive, which is achieved by metals in their characteristic metallic
bonding, which has been described as an electron sea untethered to any one nucleus. Here,
there is no gap between the lower energy valence band, which is the highest energy level
occupied by ground state electrons, and the conduction band, which is the lowest energy
level not occupied by ground state electrons. This overlap ensures the facile transportation
of charge carriers in metallic substances. Semiconductor materials possess an energetically
forbidden region between the valence and conduction bands, called a band gap and
represented in Fig. 2.2. Charge carriers must be given enough energy to be excited from
the valence to the conduction band for conduction to occur in a semiconductor material.3

Figure 2.2: A graphical representation of the valence band, conduction band, and the band
gap in a semiconductor material.
The size of the band gap is intimately related to the thermoelectric properties of a
semiconductor material.3 If a band gap is too large for the amount of thermal energy input,
then few charge carriers will be able to make the jump from the valence to the conduction
band, giving rise to poor power output.2 If the band gap is too small for the thermal energy
7

input, then each charge carrier will be limited to carrying only as much energy as separates
the conductance and valence bands, as any energy input beyond that of the valence band
energy level will be lost to the environment. This gives rise to an inefficient system, and
poor power output.2 It has been shown experimentally that a band gap that is just barely
greater than 6kT, where k is Boltzmann’s constant and T is the temperature in Kelvin,
maximizes power output, making control of the band gap crucial to production of TE
materials.3

2.3.3 Fermi Level and p- and n-Type Materials
The conductivities of materials can also be described in terms of the Fermi
distribution, which represents the probability of an electron having a particular energy.3
The Fermi level is the energy level that an electron has a 0.5 probability of occupying at a
specified temperature. A diagram of the Fermi level and conduction and valence bands of
differently conductive materials is available in Fig. 2.3. Metallic materials possess Fermi
levels that are well within the conduction band, giving rise to their high conductivity.
Insulators have Fermi levels that are well within the energy gap. Fermi levels that lie near
the conduction or valence band edge result in semiconductor behavior. Specifically, Fermi
levels near the conduction band result in n-type semiconductor behavior, and Fermi levels
near the edge of the valence band result in p-type semiconductor behavior. Another way to
differentiate between p- and n-type materials is that their conduction is best described as
occurring through negatively charged electrons in n-type materials, and through positively
charged holes for p-type materials.3 Generally, both types of materials are required for the

8

production of a device, though progress has been made for the generation of single-type
TE devices.19

Figure 2.3: The Fermi level (EF) as it relates to the valence bands (lower blue blocks) and
conductance bands (upper white blocks) for a (A) metal, (B) p-type semiconductor, (C)
intrinsic semiconductor, (D) n-type semiconductor, and (E) insulator.

2.3.4 Efficiency of TE
The efficiency of TE is inherently limited due to Joule heating, the generation of
heat from current due to the resistance of a material, and thermal conduction, both of which
reduce the temperature difference in the device during operation.3 Therefore, it may be
more effective to focus on lowering the cost of TE technology than increasing efficiency
to its absolute limit.5 Still, efficiency parameters and the power factor are used to determine
the merit of a material for TE application. The power factor (PF) gives information about
the electricity-producing capabilities of TE technology and is defined as

9

PF = S 2 σ

(1)

where σ is the electrical conductivity, and S is the Seebeck coefficient. The Seebeck
coefficient describes the efficiency of the system and is defined as
V

S = ∆T

(2)

where V is the voltage produced and ∆T is the temperature difference across the material
or device. A larger magnitude Seebeck coefficient is desired for better TE performance.
Negative Seebeck coefficients occur in n-type materials, and positive Seebeck coefficients
are produced by p-type materials. The Seebeck coefficient is improved when electrical
conductivity of a material increases, and the thermal conductivity of the material decreases.
Unfortunately, electrical and thermal conductivity are closely tied in most materials.
Therefore, one goal in designing a good TE material is decoupling the thermal and
electrical conductivities.3
The dimensionless figure of merit, ZT, also describes the efficiency of a
thermoelectric system and is defined as
ZT =

S2 σT
λ

(3)

where λ is the thermal conductivity of the material. A higher ZT value is desired for good
TE materials.2 Typically, optimizing parameters to maximize power factor results in a ZT
that is close to its maximum as well.3

10

2.4 Methods of Enhancing TE Performance
There are several methods that are commonly used to improve the TE properties of
materials. An understanding of how these methods enhance TE properties is necessary for
discussion of materials that have already been developed, and how TE materials are
designed. These methods include doping, solution processing,2 morphology control,4 CNT
incorporation,5 nanostructuring,6 and hybridization with inorganic materials.14

2.4.1 Doping
Doping increases electrical conductivity by decreasing the width of the band gap,
which can be used to tune materials easily.2 There are two doping methods, electrochemical
doping, and chemical doping. Electrochemical doping involves placing the material in
contact with metal electrodes and an electrolyte, which donates charge carriers as needed.
In chemical doping, dopant, which is an oxidizing or reducing agent, is applied to the TE
material. The dopant becomes a counterion in the system. If this counterion is positive,
then n-type materials are generated, while negative counterions result in p-type materials.2
With organic materials, chemical doping may also involve the addition of electron
withdrawing substituents (for p-type materials) or electron donating substituents (for ntype materials) onto the TE molecule.20 A variation on chemical doping,
electropolymerization, involves the direct synthesis of a polymer into its oxidized form.2
Doping results in three types of charges: solitons, polarons, and bipolarons.2 The
current understanding is that solitons are only significant in the specific case of transpoly(acetylene), and so they will be ignored in this discussion. Polarons and bipolarons are
11

the combination of a charge and the distortions in the lattice that the charge produces. When
this charge has a magnitude of one, it is a polaron. When the charge has a magnitude of
two, it is a bipolaron. Bipolarons result in larger lattice distortions than polarons.2 A visual
representation of a polaron and bipolaron distortion of a conjugated chain is shown in Fig.
2.4. (Bi)polarons can be observed with a variety of techniques, including electron spin
resonance, ultraviolet-visible (UV-vis) and near infrared (NIR) spectroscopy, as well as
Raman spectroscopy.4

Figure 2.4: A representation of an unchanged conjugated chain (a), a conjugated chain
with a polaron distortion (b), and a conjugated chain with a bipolaron distortion (c).

The bang gap reduction is facilitated by doping because when two (bi)polarons are
present on adjacent chains, their wavefunctions may overlap.2 This forms interchain and
intrachain (bi)polaron bands, through which charge carriers can move easily. In extreme
cases, (bi)polarons may overlap to the extent that they create metallic behavior in organic
materials.2

12

2.4.2 Morphology Control and Solution Processing
Generally, smoother, denser morphologies result in the best thermoelectric
performance for bulk and thin-film materials.4 More organized structures often result in
better carrier mobility.2 For instance, more organized structures in conjugated polymers are
a result of pi-pi stacking, and these intermolecular and intramolecular interactions facilitate
the transportation of charge carriers. Morphology can be controlled to varying degrees by
a variety of methods, including solution processing2 and nanostructure approaches.3
There are several reasons why improving material solubility gives better TE
properties. First, soluble materials lend themselves to scaling-up methods that are costefficient, including printing and thin film methods.2 Soluble materials also benefit from the
chance to self-organize in solution to promote more organized morphology. High boiling
point solvents can be particularly useful for these purposes.2 Additionally, more soluble
materials can be synthesized to a higher molecular weight, and solubility promotes
regioregularity, which also promotes better TE properties.4

2.4.3 Nanotechnology
The formation of some nanostructures promote favorable electronic changes in
materials.6 Bulk metal has so many states available to the electrons, so closely spaced
together, that no band gap exists. When the number of atoms in a particle are reduced, so
are the density of states as there are fewer atomic orbitals to contribute to molecular orbital
building. Eventually, the density of states can be reduced to induce a band gap and
semiconductor behavior in a metallic material at sufficiently small particle sizes. This
13

allows for control of the band gap size based on the particle size, but again, this mechanism
does not apply to non-metallic materials.21
The thermal conductivity is generally decreased as the scattering of phonons (units
of vibration) is promoted at the edges of these structures.3 This can be further enhanced if
the surrounding matrix is acoustically mismatched from the nanostructures, meaning that
the electronic and vibrational properties of the materials are different, causing phonons to
scatter at the interfaces between materials. This is the main mechanism through which
organic materials experience improved TE properties in nanostructure morphology rather
than bulk.3 Additionally, nanostructures may promote favorable chain conformation in
some organic materials,6 and they increase surface to volume ratio when compared to bulk
and micro-scale materials.8 The homogeneity of a sample generally increases when
materials are produced on the nanoscale, which is a favorable morphological
improvement.8 Nanostructures that approach one-dimensional structures tend to exhibit the
best thermoelectric properties when compared to two and three-dimensional structures and
bulk materials.6 Low-dimensional nanostructures possess higher surface to volume ratios
which reduces thermal conductivity, and promote anistropic electrical conduction.3

2.5 Previously Developed TE Materials
Various strategies have been used to create thermoelectric materials, creating
different classes of thermoelectric materials including inorganic, organic, conjugated
polymer, small molecule, and organic-inorganic hybrid materials.

14

2.5.1 Inorganic Materials
The most efficient TE materials developed to date for room temperature
applications are bismuth chalcogenides.2 Bi2Te3 has a ZT of 1.2 at 400 K, and a power
factor of 10-3 W m-1K-2 at the same temperature.2 For high temperature applications, TE
materials include Skutterdite materials (ZT=1.4 at T=900K)2 boron carbide (ZT=1.06 at
T=1,250 K)3 clathrates (ZT=0.87 at T=870 K), and half-Heusler alloys (ZT=0.6 at
T=800K).2 All of these inorganic materials contain rare elements, are expensive and toxic,
limiting their applicability.2 The majority of inorganic compounds are also heavy and
brittle, placing further limits on their utility.4
Some higher abundance, lower toxicity inorganic TE materials do exist, though
they are only suitable for high temperature use.2 This class of materials includes p-type
magnesium silicide (0.62 at T=800 K) and cobalt oxide, (Ca2CoO3)0.7CoO2, (ZT=0.87 at
T= 973 K). To date, no high efficiency, high abundance, low toxicity, and inexpensive TE
material has been developed for lower temperature (<500 K) applications.2 For these
reasons, much research has been focused on the development of semiconductive organic
materials and organic-inorganic hybrid composites for TE use.4

2.5.2 Organic Materials
Organic materials may be able to circumvent the problems that inorganic TE
materials experience. Organic materials are abundant, low toxicity, comparatively
inexpensive, flexible, thermally non-conductive, easily synthesized and processed, and
lend themselves to cost-effective scaling-up processes such as printing.2,8 Organic
15

molecules are easy to synthesize and alter, facilitating tuning of properties to specific
purposes.2 Organic materials do have disadvantages, including low electrical conductivity,
instability in oxygen, water, and high temperatures, and poor power production to date,2,8,21
though it is worth noting again that low cost of production may mitigate low efficiency.
Additionally, some organic TE materials have already achieved good TE
properties.2 Carbon nanotubes (CNT) in polymer matrixes are within one order of
magnitude of the power factor of Bi2Te3.22 More techniques are being developed to
improve the properties of organic TE materials, including doping, solution processing,2
morphology control4, nanotechnology,6 and incorporation of CNT technology.5 Hybrid
materials that combine inorganic and organic materials to gain the favorable characteristics
of each are another low-cost alternative to pure organic TE materials that may facilitate
greater stability and efficiency.14
Nanostructures are often produced from inorganic materials using expensive
methods such as ball-milling, melt-spinning, and molecular beam epitaxy, but
nanostructures are less costly to produce when wet chemical synthesis is a possibility. 14
Polymer thermoelectric materials provide an avenue for low-cost production of
nanostructures.14

2.5.2.1 Conjugated Polymers
Conjugated polymers were the first class of organic molecules that were found to
have semiconductive and conductive electrical properties.2 This class of materials offers a
variety of favorable physical properties for the development of TE materials. Their
16

delocalized pi-pi bonding facilitates anisotropic conduction, and they possess band gaps
between 1 and 4 eV, which is within the desired range for room temperature applications.2
Polymers have inherently low thermal conductivities, generally between 0.1-0.5 W m-1K1

, though organic polymers also tend to have low electrical conductivities.13 These

materials are also characterized by doping reversibility, wide doping ranges, and flexibility,
which are favorable for TE production.4
There are some difficulties in using conjugated polymers as TE materials because
they of the heterogeneous characteristic inherent to polymer materials.4 The lack of
homogenous character to conjugated polymers is due to the tendency for crystalline and
amorphous morphologies to coexist in a small area, erratic chain stacking, and the wide
distribution of molecular weights present. Synthetic processes and solution processing
have been used to reduce the impact of inhomogeneity on device performance.4
Additionally, highly doped conjugated polymers are usually less soluble in common
solvents due to the interactions between counterions increases the cohesion energy.2 This
may be counteracted by integration of inorganic components to increase solubility. 23 The
final drawback of conjugated polymer TE materials is the difficulty in generating n-type
materials, as most conjugated polymers are unstable after reduction and with the
introduction of positive counterions into the conjugated system.2
Some

high-performance

organic

polymers

include

poly(3,4-

ethylenedioxythiophene-tosylate) (1), or PEDOT-Tos, 24 the structure of which is available
in Chart 2.1. This material has a very high electrical conductivity of 300 Scm-1, which
results in high thermoelectric performance (PF=324 W m-1K-2, ZT=0.25, S=780 µVK-1, all
measurements at RT).24 Kim et. al. have found dedoping with ethylene glycol to be a valid
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way to improve the efficiency of the common thermoelectric material, poly(3,4ethylenedioxythiophene) polystyrene sulfonate (2) (PEDOT:PSS).25 Using this technique,
the researchers managed to achieve a ZT of 0.42 at room temperature, which is among the
best for this class of materials.25 Hu et. al. have also found that nanostructuring
PEDOT:PSS dramatically enhances its TE properties, with PEDOT:PSS nanofibers with a
Seebeck coefficient of 48 µVK-1 and power factor of 16.4 W m-1K-2 at room temperature.6
Though PEDOT is a major polymer of interest in thermoelectrics, other high-performance
TE polymers have been developed, including polythiophene (3) /poly(3-methylthiophene)
(4) (PT/PMeT) blends with a Seebeck coefficient of 130 µVK-1 and ZT of 0.03.26

2.5.2.2 Conjugated Polymer as a Matrix for Carbon Nanotubes
Conjugated polymers are also a good matrix material when combined with carbon
nanotube technology.27 CNTs have extremely high electrical and thermal conductivities,
which is uncommon in carbon-based materials.21 Acoustic mismatch of CNTs to the
polymer matrix allows for the generation of electrically conductive and thermally
nonconductive junctions to improve TE properties.5 Unfortunately, though CNTs improve
the mechanical strength, electrical conductance, and can retain flexibility in the final
device, CNT technolgy is currently not scalable, nor is it cheap.28
Moriarty, et al. have combined PEDOT:PSS and CNT to create a material with a
ZT of 0.03 at room temperature and a power factor of approximately 140 W m-1K-2, which
is within an order of magnitude of bismuth telluride materials.22 CNT combined with
poly(vinyl acetate) and gum Arabic as a stabilizing agent resulted in improvement of TE
materials (ZT=0.006, PF=40 W m-1K-2).29
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

Chart 2.1: The structures of poly(3,4-ethylenedioxythiophene (1), polystyrene sulfonate
(2), polythiophene (3), poly(3-methylthiophene) (4), poly(3-hexylthiophene) (5), poly(3hexylthiothiophene) (6), and (P(NDIOD-T2)) (7).
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2.5.2.3 Small Molecules
This class of materials has the advantages of facile purification, crystallization, and
the ability to produce n-type materials.28 Polymer and small molecules can be combined
into one composite easily and cheaply.28
Sun, et al. created blends of poly(3-hexylthiophene) (5) (P3HT) and poly(3hexylthiothiophene) (6) (P3HTT) with tetralfluorotetraxyanoquinodimethane (F4TCNQ)
to produce a composite with improved Seebeck coefficient (450 µVK-1), though device
performance remained poor (ZT= 10-5, PF=10-9 W m-1K-2).30 Better performance has been
achieved by Schlitz et. al. using dihydrobenzimidazole derivatives as a small molecule in
n-type polymer, poly{N,N’-bis(2-octyl-dodecyl)-1,4,5,8-napthalenedicarboximide-2,6diyl]-alt-5,5’-(2,2’-bithiophene)} (P(NDIOD-T2)) (7).31 The resultant composite had a
high Seebeck coefficient of -850 µVK-1. This material is of particular note for being an ntype organic semiconductor.31

2.5.3 Organic-Inorganic Hybrid Composites
Organic-inorganic hybrid composites offer materials chemists a unique opportunity
to develop materials that feature properties of both classes of materials, and some
properties that may not be present in either component.7 In the field of thermoelectrics,
researchers are intending to produce materials that incorporate the mechanical, thermal,
and chemical stability, and the electrical conductivity of inorganic materials while retaining
the low thermal conductivity, flexibility, facile processing, and low cost of the organic
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component.9,10,11 Such organic ligands give control of particle morphology, which is
important for technology using nanostructures to enhance TE properties.27
Hybrid materials consisting of a polymer and SnCl2 microstructures have been
developed by Ireland et. al. that gave a power factor of 80 µW m-1K-2 and ZT of 0.12 at
RT.8 He et. al. have incorporated bismuth telluride nanowires into P3HT matrix to give a
power factor of 13.6 µW m-1K-2, which is significantly higher than that of pure P3HT, 3.9
µW m-1K-2.14
To give a more complete picture of the variety of strategies and materials developed
for thermoelectric purposes at this point, Table A.1 has been compiled in the appendix with
the thermoelectric parameters of various materials. Types of materials included in the table
include examples of carbon nanotube composites, inorganic bulk and nanostructured
materials, organic polymers, polymer nanostructures, and small molecules.

2.5.3.1 Organic-Inorganic Hybrids Using POSS or Silane
Polyoligomeric silsequioxanes (POSS) and silanes are of particular interest for hybrid
materials because of their low cost, easy functionalization, and stability.12 These materials
are often polymerized using sol-gel processing, which is a very rapid and irreversible way
to form polymers.12
POSS (formula RSiO3/2) has been shown to enhance the stability, crystal formation,
and solubility of organic materials to which it is coupled, with rigid linkages resulting in a
stronger effect than flexible linkages.32 POSS also offers a large degree of control over the
morphology of the materials as dendrimers, copolymers, and three-dimensional polymers
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are all possible with POSS-organic reactions, and the resulting material may be a gel, solid,
or fiber.33 By controlling the length, rigidity, geometry, and functionality of the R groups
in POSS, bulk properties including porosity, thermal stability, refractive index,
hydrophobicity, chemical resistivity, and optical clarity may all be manipulated.12,33 POSS
is often coupled with organic materials using palladium catalyst and Heck or Suzuki
couplings.33 Finally, POSS is an attractive material for organic-inorganic hybrid TE
development because it is inherently a nano-scale material, and gives particularly high
control over the self-assembly of nano- and microstructures.34 POSS has been used
primarily for the development of optically active materials,23 but it is becoming recognized
in the field of thermoelectrics for its potential to produce low-cost, durable, and organized
TE materials when functionalized with conjugated organic compounds.28
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CHAPTER 3
RESULTS AND DISCUSSION
3.1 Overview
Organic-inorganic hybrid materials are promising thermoelectric materials for their
ability to decouple thermal and electrical conductivity. The goal of this thesis was the
synthesis and characterization of four organic-inorganic hybrid materials in which the
organic material was anthracene coupled at the nine position, and a type of POSS or silane.
POSS-ANT was synthesized from 9-anthracene methanol coupled to t-butyl-POSSisopropyl amine by a DCC-catalyzed esterification. System 1 was synthesized from 9bromoanthracene coupled to acrylate POSS by Heck coupling reaction. System 2 precursor
was synthesized by substituting 9-bromoanthracene onto (3-acryloxypropyl)methyl
dimethoxy silane using Heck coupling, and then the system was polymerized using a basecatalyzed sol-gel process. The synthesis of System 3 precursor was attempted by
substitution of 9-anthracene methanol onto 3-(bromopropyl)trimethoxysilane in
Williamson ether synthesis with potassium carbonate, though this precursor was never
isolated as it polymerized during the attempted synthesis. System 3 nanostructures were
formed by stirring in a basic ethanol solution. The details of the experimental conditions
of these syntheses are described in Chapter 4.
These materials were synthesized and characterized using 1H NMR, FTIR, and
elemental analysis as was practical and applicable. Photophysical properties of the
materials were explored using UV-visible and fluorescence spectroscopy. The morphology
of these materials were observed using TEM and SEM.
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3.2 Synthesis and Characterization of POSS-ANT
3.2.1 Synthesis

Scheme 3.1: The synthesis of POSS-ANT from tert-butyl-POSS-isopropylamine and 9anthracene carboxylic acid.

As described in Scheme 3.1, POSS-ANT was synthesized by substitution of 9anthracene

carboxylic

acid

onto

tert-butyl-POSS-isopropylamine

using

4-

(dimethylamino)pyridine (DCC) and N,N’-dicyclohexylcarbodiimide (DMAP) as catalysts
and anhydrous tetrahydrofuran as the solvent. This material was dried, then partially
dissolved by sonication in excess acetonitrile and the filtrate was evaporated, removing
unreacted anthracene carboxylic acid and DCC byproducts. The product was dissolved in
dichloromethane and layered with methanol to produce a 3:1 dichloromethane: methanol
solution, which when shaken, producing unreacted POSS as a precipitate. The filtrate was
evaporated a final time to produce a light peach, pure product. This product was confirmed
to be pure by the characterization methods described below.
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3.2.2 Characterization
The protons of the following 1H NMR are labeled as shown in Fig. 3.1. The position
of the peak in ppm, multiplicity, and integration of the peak are listed for each proton in
Table 3.1. The corresponding 1H NMR spectrum is available in the Appendix as Fig. A.1.

Figure 3.1: A branch from POSS-ANT showing the letters assigned to each proton in the
H1NMR.

Table 3.1: The peak position, multiplicity, and integration of protons in POSS-ANT as
are assigned in Fig. 3.1.
Proton

Peak Position (ppm)

Multiplicity

Integration

A
B
C
D
E
F
G
H

8.34
7.96
8.23
7.39
3.23
2.50
1.71
0.27

Singlet
Doublet
Doublet
Multiplet
Broad
Triplet
Multiplet
Triplet

1
2.29
2.39
4.26
0.63
1.89
3.21
2.02

The FTIR spectrum of this material confirms the presence of the bonds expected
from its theoretical structure. As seen in Fig. 3.2, the secondary amine bond is present at
2954 cm-1, the sp3 carbon-hydrogen bond is present at 2871 cm-1, the carbonyl bond
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appears at 1623 cm-1, the aromatic carbon bond appears at 1568 cm-1, and the siliconoxygen bond appears at 1087 cm-1.

Figure 3.2: The FTIR spectrum of POSS-ANT. The peak assignments include 2954 cm-1
(amide N-H stretching), 2871 cm-1 (alkane C-H stretching), 1623 cm-1 (amide C=O
stretching), 1568 cm-1 (aromatic C=C stretching), and 1087 cm-1 (Si-O stretching).

Elemental analysis of POSS-ANT was consistent with the predicted structure. The
compound was 50.80% carbon, 7.30% hydrogen, and 1.30% nitrogen by mass. The
analysis of silicon content of the compound could not be obtained with the available
equipment.

3.2.3 Morphology
The pure product POSS-ANT was dissolved in chloroform and dropped onto a glass
slide substrate and air dried in a closed petri dish, producing the thin film SEM images in
Fig. 3.3.
Larger shard structures, about 10-50 µm in length and 1-10 µm in width, appeared
in the sample, as well as more numerous and regular cube structures approximately 2 µm
across each face. Drop casts could also create grass-like net structures and densely-packed
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areas. These structures appear to be highly-ordered, which is desirable for improving
thermoelectric properties as more ordered morphologies are associated with higher
electrical conductivities and TE performance. The high POSS content of this material likely
contributes to the highly-ordered nature of the material upon self-assembly.

Figure 3.3: SEM images of POSS-ANT after evaporation from chloroform solution on a
glass substrate.
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3.3 Synthesis and Characterization of System 1
3.3.1 Synthesis

Scheme 3.2: The synthesis of System 1 from acrylate POSS and 9-bromoanthracene
through Heck coupling reaction.

As shown in Scheme 2, System 1 was synthesized by substituting 9bromoanthracene onto acrylate POSS using Heck coupling (tri-o-tolyl phosphine,
trimethylamine, and palladium acetate as catalysts) in dimethylformamide, which was
refluxed at 85°C for 48 hours to form an alkene linkage to anthracene. The product was
isolated by addition to an ice bath to force precipitation, followed by dissolving in
dichloromethane, evaporation, and washing with hexane, and finally, dissolution and
evaporation from isopropanol to yield a pure product, which was confirmed with the
characterization methods that follow.

3.3.2 Characterization
As purification of this material was difficult, the following 1H NMR is not a highly
coupled sample, but one with the fewest peaks from adulterants. The protons of the
following 1H NMR are labeled as shown in Fig. 3.4. The position of the peak in ppm,
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multiplicity, and integration of the peak are listed for each proton in Table 3.2. The
corresponding 1H NMR spectrum is available in the Appendix in Fig. A.2.
The ratio of hydrogen E, which is associated with coupled branches of the POSS,
to hydrogens J and K, which are associated with uncoupled branches of the POSS, is
0.76:2.00. This suggests that, on average, 3.45 of the eight sites on POSS are coupled on
each molecule. It is worth noting that the doublet-to-doublet from the J and K hydrogens
appears as a triplet because the central peaks overlap. In the most coupled iteration of this
reaction, an average of 7.4 sites out of eight were coupled on each POSS molecule.
(a)

(b)

Figure 3.4: The hydrogen atoms of System 1 labeled for H1NMR peak assignment.

Table 3.2: The proton as assigned in Fig. 3.4, peak position, multiplicity and integration
of each proton of System 1.
Proton
Peak Position
Multiplicity
Integration
(ppm)
8.45
Singlet
1
A
8.51
DxD
1.95
B
8.00
DxD
2.22
C
7.62,
7.54
Multiplet
2.05, 2.07
D
6.08
Singlet
0.76
E
5.54
Singlet
0.76
F
4.10
Triplet
1.64
G
0.85
Broad
2.51
H
0.70
Broad
1.82
I
7.43
D x D (T)
2.00
J and K
7.30,
7.14,
7.08
Multiplet
1.80, 1.80, 1.92
Unreacted Anthracene
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As shown in Fig. 3.5, the FTIR spectrum confirms that the material contains the
bonds expected based on the theoretical structure. Hydrogen-sp2 carbon bonds are present
at 3068 cm-1, and hydrogen-sp3 carbon stretchings appear at 2958 cm-1. The ester carbonoxygen double bond can be found at 1716 cm-1, while the carbon-oxygen single bond of
ester is apparent at 1294 cm-1. Carbon-carbon double bonds are resent at 1638 cm-1, and
finally, silicone-oxygen bonding is shown at 1110 cm-1.

Figure 3.5: The FTIR spectrum of System 1. The peak assignments include 3068 cm-1
(alkene C-H stretching), 2958 cm-1 (alkane C-H stretching), 1716 cm-1 (ester C=O
stretching), 1638 cm-1 (aromatic C=C stretching), 1294 cm-1 (ester C-O stretching), and
1110 cm-1 (Si-O stretching).

3.3.3 Morphology
As shown in Fig. 3.6, when a pure sample of System 1 was dissolved in
dichloromethane and drop-cast onto indium tin oxide glass substrate, a mostly smooth
surface with amorphous clumps of the system resulted.
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Figure 3.6: SEM images of a pure sample of System 1 after dissolution in dichloromethane
followed by drop casting onto an indium tin oxide glass substrate.

As these amorphous structures made focusing for a more detailed image difficult,
a sample containing approximately half unreacted 9-bromoanthracene was examined after
drop-casting from dichloromethane onto a plain glass substrate and sputter-coating with
palladium and gold, as shown in Fig. 3.7. The 9-bromoanthracene formed needle-like
structures of approximately 5 to 10 µm wide and 100-200 µm wide. System 1 formed the
amorphous clumps as well as the amorphous materials between anthracene needles. System
1 does not form highly ordered nanostructures like POSS-ANT, which is likely due to the
lower POSS content of System 1. System 1 may be valuable for the formation of thin-film
systems, which are an active area of interest for TE.22

Figure 3.7: SEM images of System 1 containing unreacted 9-bromoanthracene after dropcasting from dichloromethane onto a glass substrate with gold and palladium sputter-coated
onto the surface.
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The identities of these materials were confirmed using backscattered electron
imaging (BEI) on the same sample, but with the gold and palladium coating scraped away.
The 9-bromoanthracene needles contained a significant amount of bromine, and System 1
was abundant in silicon from the POSS molecule and phosphate residue from the tri-o-tolyl
phosphine catalyst, which was not completely removed. The images and accompanying
BEI spectra are available in the appendix as Fig. A.3 and Table A.2, respectively.

3.4 POSS-ANT and System 1 Photophysical Data
POSS-ANT and System 1 share many common features as they both have a POSS
core and are functionalized with anthracene moieties, making comparison of the two
systems appealing. For this reasons, the photophysical data of these materials are examined
together here. As shown in Fig 3.8, the UV-visible spectra of POSS-ANT and System 1
were collected. The spectrum of 9-bromoanthracne was also collected and displayed in this
figure for comparison. Both POSS-ANT and System 1 displayed the three peaks associated
with the S0-S1 transitions of anthracene. System 1 was very slightly hypsochromically
shifted relative to anthracene, while POSS-ANT had a hypsochromic shift of greater
magnitude. Bulkiness of POSS moiety can interfere with anthracene molecular interactions
in solution, and the greater POSS character of POSS-ANT and shorter, more rigid alkane
linkages would increase this influence on the spectra of POSS-ANT relative to that of
System 1. Additionally, System 1 has extended conjugation relative to POSS-ANT, which
generally results in a bathochromic shift, which may offset to some degree the
hypsochromic shift of System 1 due to bulky POSS groups.
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Figure 3.8: The UV-visible spectra of POSS-ANT, System 1, and 9-bromoanthracene, all
collected in chloroform.

As shown in Fig 3.9, the fluorescence spectra of these three molecules were also
collected in chloroform, and all three were excited at 370 nm. The three distinct peaks
characteristic of anthracene are present in both POSS-ANT and System 1, and both are
bathochromically shifted relative to 9-bromoanthracene. POSS-ANT is less dramatically
shifted, and with a shoulder that is much more intense than in System 1 or 9bromoanthracene. The additional chromophores present in System 1 relative to POSSANT can explain the stronger bathochromic shift of System 1.

Figure 3.9: The fluorescence spectra of POSS-ANT, System 1, and 9-bromoanthracene
in chloroform after excitation at 370 nm.
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3.5 Synthesis and Characterization of System 2 Precursor

Scheme 3.3: The synthesis of System 2 precursor from 9-bromoanthracene and (3acryloxypropyl)methyl dimethoxy silane using Heck coupling.

As shown in Scheme 3.4, System 2 precursor was synthesized by substituting 9bromoanthracene onto (3-acryloxypropyl)methyl dimethoxy silane using Heck coupling
(tri-o-tolyl phosphine, trimethylamine, and palladium acetate as catalysts) in DMF, which
was refluxed at 85°C for 48 hours. The product was added to an ice bath to force
precipitation. The precipitate was dissolved in DCM, dried over anhydrous magnesium
sulfate, then evaporated and washed with hexane before being dried further in a vacuum
oven. The product was confirmed by the following characterization techniques.

3.5.1 FTIR
As shown in Fig. 3.10, the FTIR spectrum confirms that the material contains the
bonds expected for this species. Hydrogen-sp2 carbon bonds are present at 3051 cm-1, and
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hydrogen-sp3 carbon stretchings appear at 2922 cm-1. The ester carbon-oxygen double
bond can be found at 1711 cm-1, while the carbon-oxygen single bond of ester appears at
1260cm-1. Carbon-carbon double bonds are present at 1592 cm-1, while aromatic carbon
appears at 1444 cm-1. Silicon-oxygen stretchings appear at 1167 cm-1 and 806 cm-1.

Figure 3.10: The FTIR spectrum of System 2 precursor. The peak assignments include
3051 cm-1 (alkene C-H stretching), 2922 cm-1 (alkane C-H stretching), 1711 cm-1 (ester
C=O stretching), 1592 cm-1 (alkene C=C stretching), 1444 cm-1 (aromatic C=C stretching),
1260 cm-1 (ester C-O stretching), 1167 cm-1 (Si-O stretching), 806 cm-1 (Si-O stretching).
3.6 Synthesis and Characterization of System 2 Polymer

Scheme 3.4: The synthesis of System 2 polymer from the precursor using a base-catalyzed
Sol-gel process.
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As shown in Scheme 3.5, System 2 polymer was synthesized by a base-catalyzed
sol-gel process in anhydrous ethanol at room temperature.

3.6.1 FTIR
As shown in Fig. 3.11, the FTIR spectrum confirms that the material contains the
bonds expected for this species. Hydrogen-sp2 carbon bonds appear at 3051 cm-1, and
hydrogen-sp3 carbon stretchings are present at 2920 cm-1. The ester carbon-oxygen double
bond is present at 1712 cm-1, and the ester carbon-oxygen single bond appears at 1277 cm1

. Aromatic carbon-carbon double bonds are present at 1443 cm-1. Silicon-oxygen

stretchings appear at 1164 cm-1 and 791 cm-1.

Figure 3.11: The FTIR spectrum of System 2 polymer. The peak assignments include 3051
cm-1 (alkene C-H stretching), 2920 cm-1 (alkane C-H stretching), 1712 cm-1 (ester C=O
stretching), 1631 cm-1 (C=C stretching), 1443 cm-1 (aromatic C=C stretching), 1277 cm-1
(ester C-O stretching), 1259 cm-1 (Si-C stretching), 1164 cm-1 (Si-O stretching), 1010 cm1
(Si-O-Si stretching), and 791 cm-1 (Si-O stretching).

3.6.3 Morphology
The polymerization reaction was run under identical conditions, except with
variations in ammonium hydroxide content. The morphology of the particles formed under
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each condition were examined using TEM, as shown in Table 3.3. These samples were
prepared by dropping the solution mixture directly onto a carbon-coated copper grid and
transferring to a dry filter paper to dry, giving the images shown in Fig. 3.12.
Low base concentrations (Condition 1) resulted in round nanoparticles
approximately 0.05 to 0.08 µm in diameter. The nanoparticles featured darker spots within
the particle. A gradient from light to dark from the outside to the center of the particles
suggest that they are three-dimensional and approximately spherical. With increasing base
concentration (Condition 2) short, rod-like nanostructures as well as amorphous blobs of
material were produced. The rods appeared to be made of smaller rods like a bundle of
sticks, and were approximately 0.2 µm wide and 1.0 µm long. In Condition 3, many more
bundle-like structures formed, and were approximately 0.5 to 1.0 µm wide and 1.5 to 2.0
µm long. Some of these structures were pinched in the middle, splaying out at either end.
Condition 4 featured similar structures, but larger. The structures were approximately 0.8
to 1.0 µm wide at their narrowest point, and 2.8 to 4.5 µm long. Condition 5 structures
appeared to be larger and with a shard-like appearance rather than the bundle-like structures
that characterized Conditions 2 through 4. The structures were approximately 1.0 to 2.0
µm wide, and 4 to 12 µm long.

Table 3.3: Representative TEM images obtained from each condition in which ammonium
hydroxide concentration was varied.
Condition NH4OH solution
NH4OH solution Image in Figure 3.12
(mL)/ Ethanol (mL) molarity (M)
2/11
1.11
(a)
1
4/9
2.21
(b)
2
6/7
3.32
(c)
3
8/5
4.42
(d)
4
10/3
5.53
(e)
5
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(a)

(b)

(c)

(d)

(e)

Fig 3.12: TEM images of System 2 polymer nanostructures developed in increasingly basic
conditions from condition 1 to 5 corresponding to images (a) to (e). Magnifications are
denoted on each image, and range from 800 to 30000 x magnification.
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The structures from Condition 5 were examined on the TEM grid in the SEM to
obtain the images shown in Fig. 3.13. The structures that formed on top of the copper bars
were approximately 7 µm wide, and consisted of many smaller shards of material. There
was significant growth in the vertical direction, perpendicular to the substrate. These
nanoflowers appear to be very highly ordered, and are therefore a promising morphology
for TE purposes.

Figure 3.13: SEM images of System 2 polymer developed under Condition 5 as it formed
on copper TEM grid bars.

3.7 Attempted Synthesis and Characterization of System 3 Precursor

Scheme 3.5: The predicted synthetic route for System 3 precursor.
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The intended synthesis of System 3 precursor is shown in Scheme 3.6. In this
synthesis, 9-anthracene methanol is substituted onto 3-(bromopropyl)trimethoxysilane in
a carbon-carbon coupling catalyzed by potassium carbonate. This precursor was never
isolated as methoxy groups on the silane prematurely cleaved, leading to polymerization
in the first step.

3.7.1 FTIR
As shown in Fig. 3.14, the bonds predicted for the theoretical structure were present
in the FTIR spectrum, including sp2 C-H stretchings at 3042 cm-1, sp3 C-H stretchings at
2952 cm-1, aromatic C-C stretchings at 1446 cm-1, silicon-carbon stretchings at 1368 cm-1,
ether carbon-oxygen stretchings at 1237 cm-1, and silicon-oxygen stretchings at 1106 cm-1
and 732 cm-1.
Additional, unexpected peaks were also present in the FTIR. Alcohol stretchings
appear at 3438 cm-1 as well as silicon-oxygen-silicon stretchings that suggest that the ether
bonds on trimethoxysilane may be prematurely cleaving, giving rise to the siliconehydroxyl bonds present at 3438 cm1. There is additional support for premature cleavage
due to the silicon-oxygen-silicon stretchings, which suggest premature polymerization of
the material. The alcohol peak could also be due to unreacted 9-anthracene methanol’s
presence in the material.
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Figure 3.14: The FTIR spectrum of the material obtained from the attempted synthesis of
System 3 precursor. The assigned peaks include 3438 cm-1 (Si-O-H stretching), 3181 cm1
(C-O-H stretching), 3042 cm-1 (alkene C-H stretching), 2952 cm-1 (alkane C-H
stretching), 1623 cm-1 (C-Br stretching), 1446 cm-1 (aromatic C=C stretching), 1368 cm-1
(Si-C stretching), 1237 cm-1 (ether C-O stretching), 1106 cm-1 (Si-OH stretching), and
1045 cm-1 (Si-O-Si stretching).

In order to determine if the alcohol peak was due to premature cleavage of the
alkoxy bond or unreacted 9-anthracene methanol, a reaction was devised in which the exact
same conditions were used as for the synthesis of System 3 precursor, but without any 9anthracene methanol. The FTIR of this material, which can be seen in Fig. 3.15, shows the
presence of a broad alcohol peak at 2935 cm-1, which obscured the sp3 carbon-hydrogen
peak.

Silicon-oxygen-silicon stretchings appear at 1032 cm-1. This supported the

hypothesis that polymerization was occurring during the precursor reaction.
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Figure 3.15: The FTIR spectrum of a control reaction identical to the attempted synthesis
of System 3 precursor, but without 9-anthracene methanol as a reagent with the peaks
labeled. The assigned peaks include 2935 cm-1 (C-O-H stretching), 1666 cm-1 (C-Br
stretching), 1295 cm-1 (C-O-C stretching), 1099 cm-1 (Si-O stretching), and 1032 cm-1 (SiO-Si stretching).

3.8 Formation of System 3 Polymer Nanostructures

Scheme 3.6: The formation of System 3 polymer.

As shown in Scheme 3.7, System 3 polymer nanostructures were synthesized by a
base-catalyzed sol-gel process in anhydrous ethanol at room temperature.
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3.8.1 FTIR
As shown in Fig. 3.16, the FTIR spectrum of System 3 Nanostructures is very
similar to that of the precursor, and contains the bonds expected for the theoretical structure
of the material. A broad silicon-hydroxyl peak appears at 3426 cm-1, and a sp2 carbonhydrogen stretching appears at 3046 cm-1. Sp3 carbon-hydrogen stretching appears at 2913
cm-1. Some residual, unreacted 9-bromoanthracene is still present in the same, as shown by
the small carbon-bromine peak at 1623 cm-1. Aromatic carbon stretchings appear at 1436
cm-1. The ether carbon-oxygen stretching is present at 1238 cm-1. Silicon-oxygen and
silicon-oxygen-silicone stretchings appear at 1107 cm-1 and 731 cm-1, and 1044 cm-1,
respectively.

Figure 3.16: The FTIR spectrum of System 3 polymer. The assigned peaks include 3426
cm-1 (Si-O-H stretching), 3046 cm-1 (alkene C=C-H stretching), 2913 cm-1 (alkane C-H
stretching), 1623 cm-1 (C-Br stretching), 1436 cm-1 (aromatic C=C stretching), 1238 cm-1
(ether C-O-C stretching), 1107 cm-1 (Si-O stretching), 1044 cm-1 (Si-O-Si stretching), and
731 cm-1 (Si-O stretching).

3.8.2 Morphology
The nanostructure formation reaction was run under identical conditions, except
with variations in ammonium hydroxide conditions. The morphology of the particles
43

formed under each condition are shown in Table 3.4, and the corresponding TEM images
are shown in Fig. 3.17. These samples were prepared by dropping the solution mixture
directly onto a carbon-coated copper grid and transferring to a dry filter paper to dry.
Low base concentrations (Condition 1) resulted in flat, quadrilateral flakes
approximately 2 µm in length and 500 nm in width. Some larger and some dendritic
structures also formed, though they were minor structures. Condition 2 closely resembled
Condition 1 images. In Condition 3, the dominant structures were similar to those in
Conditions 1 and 2, but much larger, flat, geometric structures became more common.
Condition 4 yielded oval structures approximately 400 nm long and 100 nm wide, and
large, amorphous chunks.

Table 3.4: The TEM images obtained from base-catalyzed Sol-gel processing of System 3
polymer at varying ammonium hydroxide concentrations.
Condition NH4OH solution
NH4OH solution Image in Fig. 3.17
(mL)/ Ethanol (mL) molarity (M)
2/11
1.11
(a)
1
4/9
2.21
(b)
2
6/7
3.32
(c)
3
8/5
4.42
(d)
4
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(a)

(b)

(c)

(d)

Figure 3.17: TEM images of System 3 polymer nanostructures developed in increasingly
basic conditions from Conditions 1 to 4, corresponding to figures (a) to (d). The
magnifications are denoted under each image, and vary from 1000 to 2000 x magnification.

3.9 System 2 and System 3 Photophysical Data
As shown in Fig. 3.18, the UV-visible spectra of the precursors and polymers of
Systems 2 and 3 were obtained in chloroform. All of the materials showed three S0-S1 peaks
associated with anthracene absorbance. System 2 precursor and its polymer were consistent
with each other, and they did not shift relative to the spectra of 9-bromoanthracene. System
3 precursor and its polymer were also consistent with each other, and hypsoochromically
shifted relative to 9-bromoanthracene. The hypsochromic shift of System 3 can be
attributed to packing interference from the silane groups, which will be a more important
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factor for System 3 over System 2 due to the lower anthracene content of System 3.
Additionally, System 2 has extended conjugation, which results in bathochromic shifting,
which may offset any hypsochromic shift associated with the bulky silane groups.

Figure 3.18: The UV-visible spectra of System 2 precursor and its polymer, System 3
precursor and its polymer, and 9-bromoanthracene.

As shown in Fig. 3.19, the fluorescence spectra of System 2 precursor and its
polymer, System 3 precursor and its polymer, and 9-bromoanthracene in chloroform after
excitation at 370 nm were obtained. Again, System 2 precursor and its polymer are
consistent with each other, though they are bathochromically shifted relative to 9bromoanthracene, and to a larger degree than the System 3 precursor and its polymer.
System 3 precursor and its polymer are slightly offset from each other, with System 3
polymer being more bathochromically shifted than the precursor. All of these
bathochromic shifts are attributed to closer interaction of the anthracene moieties when
held in closer proximity by attachment to the silane molecules than when anthracene is
freely dissolved. The lack of shift from System 2 precursor to its polymer is consistent
with the data indicating that the precursor is already polymerized, whereas in System 3,
the polymer is further bathochromically shifted because more anthracene moieties are
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held in close proximity by the silane network in the polymer than in the precursor
molecules.

Figure 3.19: The fluorescence spectra of System 2 precursor and its polymer, System 3
precursor and its polymer, and 9-bromoanthracene in chloroform after excitation at 370
nm.
Overall, all these novel organic-inorganic hybrid molecular and polymeric
systems exhibit promising electronic properties with the capability of forming ordered
nanostructures in thin films. In particular, POSS-ANT, System 2 polymer, and System 3
polymer show promising morphologies with well -ordered nanostructures. It is worth
focusing future studies on these systems and looking in detail at their electrical and
thermal properties.
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CHAPTER 4
MATERIALS AND METHODS
4.1 Materials
9-Anthracenecarboxylic

acid,

N,N’-dicyclohexylcarbodiimide,

200

proof

anhydrous ethanol, anhydrous tetrahydrofuran, dimethylformamide, acetonitrile, 9bromoanthracene, tri-o-tolyl phosphine, palladium acetate, trimethylamine, magnesium
sulfate, potassium carbonate, and 9-anthracene methanol were obtained from SigmaAldrich. Aminopropylisobutyl-POSS and acrylate POSS were obtained from Hybrid
Plastics. Ammonium hydroxide and hydrochloric acid were purchased from Fisher. (3acryloxypropyl)methyl dimethoxy silane and (3-bromopropyl)trimethoxysilane were
obtained from Gelest. All chemicals were used as received unless otherwise noted.

4.2 Characterization
Proton NMR spectra were obtained with a 500-MHz JEOL instrument using
deuterated chloroform as the solvent. A Perkin-Elmer Spectrum One FTIR spectrometer
was used to record FTIR spectra. Transmission electron microscopy were obtained using a
100CX JEOL at 100 kEV for POSS-ANT and System 1. Later, a JEOL TEM-1400 Plus
Electron Microscope at 100 kEV was used to obtain transmission electron micrographs for
Systems 2 and 3. Elemental compositions were determined using C, H, N analyzer located
in Advanced Material Institute. Photophysical spectroscopy was performed on a Perkin
Elmer Lambda 35 UV-visible spectrometer, and a Perkin Elmer LS 55 Fluorescence
spectrometer. All photophysical spectroscopy was carried out with anhydrous chloroform
as the solvent.
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4.3 Synthesis of POSS-ANT
POSS-ANT was synthesized by a Steiglich esterification. The structure of POSSANT is shown in Fig. 4.1. Steiglich esterifications are useful reactions for the formation of
esters and amides using dicyclohexylcarbodiimide as the catalyst.56 Typical conditions for
DCC-catalyzed esterification proved to be successful with these reactants. Purification of
this compound had to be performed using differing solubilities of the reactants and products
as silica gel chromatography would not work with a material containing so much POSS, as
the product just remains in the column.

Chart 4.1: The structure of POSS-ANT.

To synthesize the POSS-ANT, 9-anthracenecaboxylic acid (0.500 g, 2.25 mmol),
aminopropylisobutyl-POSS (0.98 g, 1.12 mmol), and N,N’-dicyclohexylcarbodiimide
(DCC) (0.51 g, 2.47 mmol), and 4-dimethylaminopyridine (DMAP) (0.020 g, 0.16 mmol)
were added to a 100-mL round bottom flask under an argon atmosphere. Then, anhydrous
tetrahydrofuran (40.0 mL) was added and stirred continuously for approximately 16 h at
room temperature with an aluminum foil covering protecting the contents from ambient
light.
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This resulted in a cloudy, yellow solution that was gravity filtered to yield a yellow
filtrate. The filtrate was evaporated, leaving a sticky, dark yellow solid. To the solid, about
50 mL of acetonitrile was added and sonicated to produce a precipitate of dicylcohexylurea
(a by-product of DCC) and unreacted 9-anthracenecarboxlic acid, which was filtered out.
The filtrate was evaporated, then further purified by precipitation in a 1:3 chloroform:
methanol mixture, which forced the precipitation of unreacted POSS. The filtrate was
evaporated again and dried in a vacuum oven to obtain a peach-yellow powder that was
the pure product. The reaction gave an 85% yield. 1H NMR (500 MHz, CDCL3): δ 8.34
(s, 1H), 8.23 (d, 2H), 7.96 (d, 2.29), 7.39 (m, 4H), 3.23 (b, 1H), 2.50 (t, 2H), 1.71 (m, 2H).
FTIR (cm-1): 2954 (amide N-H stretching), 2871 (alkane C-H stretching), 1623 (amide
C=O stretching), 1568 (aromatic C=C stretching), 1087 (Si-O stretching).
An alternative procedure was developed which yielded the product in a shorter amount
of time and did not require the use of DMAP. To a 100-mL round-bottom flask, 9anthracene carboxylic acid (0.250 g, 1.13 mmol) was added and degassed under argon.
Dichloromethane (19 mL) was added to the roundbottom and stirred until the reagent was
dissolved. The flask was placed in a bath of isopropanol and ice on the stirrer. DCC (0.23
g, 1.23 mmol) was dumped into the reaction flask and more argon was used to flush it. This
was left to stir for five minutes. Aminopropylisobutyl-POSS (0.98 g, 1.12 mmol) was
dissolved in a minimum volume of dichloromethane (~6 mL) and injected into the reaction
flask dropwise at a rate of a milliliter per minute. The flask was removed from the ice bath
and stirred for three hours under aluminum foil, resulting in a translucent yellow liquid.
The yellow solution was evaporated to a sticky pale yellow solid, which was sonicated in
40 mL of acetonitrile and gravity filtered. The product was an off-white precipitate.
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4.4 Synthesis of System 1
System 1 was synthesized using Heck coupling. A fully-coupled System 1 molecule
is shown in Fig. 4.2. The Heck reaction creates carbon-carbon bonds from an alkene and a
vinyl or aryl halide with the aid of a palladium catalyst.57 The Heck reaction is a very
sensitive reaction in which small amounts of moisture, fluctuations in temperature, and
ratios of reactants can dramatically affect the effectiveness of the reaction. For this reason,
many trials had to be performed with various reactant amounts to find an effective synthetic
method. Sometimes reactions would fail due to high humidity in the lab, difficult with
temperature control, or unknown reasons. Purification of this material was difficult to
achieve, and no completely pure material was never obtained. Common organic
purification techniques including silica gel column separation were impossible to perform
on this material because the silicon-oxygen present in POSS would cause the material to
stay in the gel. Instead, the removal of the catalysts and leftover reactants was attempted
using differences in solubility, though the usefulness of this technique was limited by
partial solubility of some of the target compounds as well as the sticky nature of the
material.
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Chart 4.2: The structure of a fully-coupled System 1 molecule.
In a typical reaction to synthesize System 1, acrylate POSS (0.400 g, 0.27 mmol),
9-bromoanthracene (0.717 g, 2.78 mmol), tri-o-tolylphosphine (0.426 g, 1.40 mmol), and
palladium acetate (0.021 g, 0.09 mmol) were added under an argon atmosphere to a 100mL round-bottom flask. Anhydrous dimethylformamide (DMF) (25.0 mL) was added to
the reaction flask and this was stirred for 30 m at room temperature under aluminum foil.
Triethylamine (8 mL, 57.3 mmol) was added to the reaction flask, and the reaction was
refluxed at 85C for 72 h. Over the reflux period, the solution darkened from a golden
yellow to a dark brown color.
The reaction was cooled to room temperature, then added drop-wise to a 100 mL
deionized water ice bath. Approximately 14 mL of 10% by volume hydrochloric acid
solution was added drop-wise to the ice bath, resulting in a waxy brown solid that settled
to the bottom of the ice bath over the course of two hours. The liquid was decanted and the
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precipitate was dissolved in approximately 10 mL of dichloromethane, which was dried
over anhydrous magnesium sulfate, then evaporated to produce a brown sticky solid. The
solid was further dried by placement in an unheated vacuum oven for twelve hours, which
resulted in a non-sticky brown solid. This was washed with hexane under vacuum filtration.
The product was then dissolved in isopropanol during vacuum filtration, which was
evaporated a final time to give the purest product that was obtained with a 55% yield. 1H
NMR (500 MHz, CDCL3): δ 8.51 (d x d, 2H), 8.45 (s, 1H), 8.00 (d x d, 2H), 7.62-7.54
(m, 4H), 7.43 (d x d, 2H), 6.08 (s, 1H), 5.54 (s, 1H), 4.10 (t, 2H), 0.85 (b, 2H), 0.70 (b,
2H). FTIR (cm-1): 3068 (alkene C-H stretching), 2958 (alkane C-H stretching), 1716 (ester
C=O stretching), 1638 (aromatic C=C stretching), 1294 (ester C-O stretching), 1110 (Si-O
stretching).
Alternatively, if the product did not settle out nicely during the ice bath, extraction
was performed using dichloromethane. The product moved to the organic layer, which was
dried over anhydrous magnesium sulfate then evaporated to produce the sticky brown solid.
The rest of the procedure was carried out as detailed before. It is not known why the product
sometimes precipitated from the water and other times required extraction, though there
was no discernable difference between samples that precipitated and those acquired by
extraction.
Other quantities of reagents were explored and the results are shown in Table 4.1.
The most highly coupled trial was number 11 (7.4 out of 8 sites), and so this was adopted
as the standard way to synthesize this compound. The number of sites coupled out of the
eight available on each POSS molecule was determined by 1H NMR from the ratio of the
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integral of peaks belonging to a hydrogen on the anthracene molecule to those belonging
to uncoupled acrylate POSS branches.
Table 4.1: The amount of 9-bromoanthracene (anthracene) acylate POSS (POSS), tri-otolyl phosphine (tri-o), palladium acetate (palladium), triethylamine (triethyl),
dimethylformamide (DMF), and the mean coupling out of 8 available sites (X/8) are
listed for various trials. F denotes a failed experiment, and DL denotes loss of H1NMR
data.
Trial
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Anthracene
(g/mmol)
1.46/5.68
1.45/5.68
1.45/5.68
1.45/5.68
0.36/1.40
0.72/2.80
0.39/1.52
0.36/1.40
0.36/1.40
0.36/1.40
0.36/1.40
0.72/2.79
0.72/2.79
0.72/2.79
1.43/5.58
1.43/5.58
1.43/5.58
1.43/5.58
1.43/5.58

POSS
(g/mmol)
1.00/0.70
1.00/0.70
1.00/0.70
0.5/0.35
0.25/0.17
0.50/0.35
0.25/0.17
0.25/0.17
0.25/0.17
0.25/0.17
0.25/0.17
0.40/0.28
0.40/0.28
0.40/0.28
0.40/0.28
0.40/0.28
0.40/0.28
0.40/0.28
0.40/0.28

Tri-o
(g/mmol)
0.35/1.15
0.86/2.82
0.86/2.82
0.43/1.41
0.22/0.72
0.43/1.41
0.23/0.75
0.22/0.72
0.22/0.72
0.22/0.72
0.22/0.72
0.43/1.39
0.43/1.39
0.43/1.39
0.86/2.80
0.86/2.80
0.86/2.80
0.86/2.80
0.86/2.80

Palladium
(g/mmol)
0.04/0.18
0.04/0.18
0.04/0.18
0.02/0.09
0.01/0.04
0.21/0.09
0.01/0.04
0.01/0.04
0.01/0.04
0.01/0.04
0.01/0.04
0.02/0.09
0.02/0.09
0.02/0.09
0.42/1.87
0.42/1.87
0.42/1.87
0.42/1.87
0.42/1.87

Triethyl
(mL/mol)
1.6/0.01
2.4/0.02
2.4/0.02
1.2/0.01
5.9/0.04
11.8/0.08
6.4/0.05
5.9/0.04
5.9/0.04
5.9/0.04
5.9/0.04
11.7/0.08
11.7/0.08
11.7/0.08
23.4/0.17
23.4/0.17
23.4/0.17
23.4/0.17
23.4/0.17

DMF
(mL)
15
15
15
15
25
40
25
25
25
25
25
25
25
25
25
25
25
25
25

X/8
DL
4.6
4.8
7.2
2.3
4.6
F
F
F
F
7.4
F
6.1
3.5
F
F
DL
4.8
DL

4.5 Synthesis of System 2
System 2 was developed through a two-step synthetic process. In the first reaction,
(3-acryloxypropyl)methyl dimethyoxy silane was functionalized with anthracene at the 9position through Heck coupling reaction. The second reaction was a base-catalyzed sol-gel
process to form polymeric nanoparticles.
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4.5.1 Synthesis of System 2 Precursor
System 2 precursor was synthesized using Heck coupling reaction. The structure of
system 2 precursor is available in Fig. 4.2. This Heck coupling was more easily achieved
than the System 1 Heck coupling, which was likely helped by the lower steric hindrance in
this smaller molecule relative to System 1. Additionally, high purity was not necessary
with a reactant that was going to be polymerized in the next step, and technical problems
made determination of the purity of the sample difficult. The 1H NMR instrument was not
available during this synthesis. Though FTIR gave information about the functional groups
present in a sample, contaminants with the same types of bonds as the product would be
undetectable with this method. For this reason, it is unknown how many anthracene
moieties were coupled on average to each molecule, and purification attempts were
minimal.

Chart 4.2: The structure of System 2 precursor.

In a typical System 2 precursor synthesis, 9-bromoanthracene (1.19 g, 4.63 mmol),
tri-o-tolyl phosphine (0.57 g, 1.87 mmol), and palladium acetate (0.03 g, 0.13 mmol) were
added to a two-neck round-bottom flask and degassed with argon. Degassed DMF (10 mL)
was added to the round bottom and stirred at room temperature for 30 m.
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(3-

acryloxypropyl)methyl dimethyoxy silane (0.50 mL, 2.29 mmol) was injected into the
reaction flask, and this was refluxed in an oil bath to 85°C under aluminum foil for 48 h.
The solution was initially bright yellow upon immersion in the heated oil bath. After 24 h,
the reaction was a golden brown, and by 48 h, the reaction was a medium brown,
translucent solution.
The reaction solution was allowed to cool to room temperature, then was added
drop-wise to a deionized water ice bath, forming a pale yellow, milky solution, in which
yellow solid began forming. The ice bath was covered in foil and allowed to settle overnight
before decanting the milky yellow filtrate, leaving a medium yellow solid. The solid was
dissolved in DCM, dried over anhydrous magnesium sulfate, and evaporated to a light
yellow-brown solid that was further dried in the vacuum oven. FTIR (cm-1): 3051 (alkene
C-H stretching), 2922 (alkane C-H stretching), 1711 (ester C=O stretching), 1592 (alkene
C=C stretching), 1444 (aromatic C=C stretching), 1260 (ester C-O stretching), 1167 (Si-O
stretching), 806 (Si-O stretching).

4.5.2 Synthesis of System 2 Polymer
System 2 Polymer was develop through a base-catalyzed sol-gel process. The
theoretical structure of system 2 polymer is shown in Fig. 4.4. A sol-gel process is a
common method for forming network polymers from silicon oxides.21 A series of
increasing base conditions were used to control the morphologies of the resulting
polymeric structures.
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Chart 4.4: The theoretical structure of system 2 polymer.

To determine the optimal concentration of base to produce nanoparticles during the
polymerization of this material, the reaction was performed at five different base
concentrations. In each trial, System 2 precursor (50 mg, ~0.09 mmol) was added to a vial
and degassed under argon. To the reaction flask, degassed 28% by volume ammonium
hydroxide solution and anhydrous ethanol was added. The reactions were stirred at room
temperature for 24 hours under foil, then observed under TEM. FTIR (cm-1): 3051 (alkene
C-H stretching), 2920 (alkane C-H stretching), 1712 (ester C=O stretching), 1631(C=C
stretching), 1443 (aromatic C=C stretching), 1277 (ester C-O stretching), 1259 (Si-C
stretching), 1164 (Si-O stretching), 1010 (Si-O-Si stretching), 791 (Si-O stretching).

4.6 Synthesis of System 3
Synthesis of System 3 was attempted in a similar manner to that of System 2, in
which a precursor was to be developed through a potassium carbonate-catalyzed ether
synthesis from 3-(bromopropyl)trimethoxysilane and 9-anthracene methanol, followed by
a base-catalyzed sol-gel process to form polymeric nanoparticles. The attempted synthesis
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of the precursor resulted in premature cleavage of the Si-O-CH3 bond, such that the
intended precursor was never isolated, but System 3 homopolymer was synthesized.

4.6.1 Attempted Synthesis of System 3 Precursor
The synthesis of System 3 precursor was attempted using a base-catalyzed
Williamson ether synthesis, though the precursor was not isolated due to premature
polymerization of the material. The theoretical structure of system 3 polymer is shown in
Fig. 4.5. Williamson-ether synthesis is a SN2 displacement reaction involving an alcohol
and a primary halide or tosylate to form an ether.57 Due to the same technical problems
that were present during System 2 development, the purity of this material was not
determined, and minimal purification attempts were made.

Chart 4.5: The theoretical structure of system 3 polymer.

To a 100-mL one-neck round-bottom flask, potassium carbonate (0.68 g, 4.93
mmol) and 9-anthracene methanol (0.86 g, 4.11 mmol) were added and degassed under
argon. Anhydrous ethanol (60 mL) was also degassed under argon and injected into the
reaction flask. 3-(bromopropyl)trimethoxysilane (0.7 mL, 4.11 mmol) was injected into the
reaction flask and this was stirred at room temperature for 24 h under aluminum foil. This
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resulted in a yellow cloudy mixture with abundant white powder solid (potassium
carbonate).
The mixture was vacuum filtered, and the filtrate evaporated to near dryness, then
10 mL of chloroform was used to dissolve the product in an attempt to prevent hydrolysis.
The product was then completely dried by evaporation followed by 24 h in a vacuum oven,
yielding a yellow solid. Characterization by FTIR included prominent hydroxyl peaks,
which upon further investigation revealed that cleavage of the Si-O-CH3 bond was
occurring, resulting in Si-O-H bonds instead. FTIR (cm-1): 3438 (Si-O-H stretching), 3181
(C-O-H stretching), 3042 (alkene C-H stretching), 2952 (alkane C-H stretching), 1623 (CBr stretching), 1446 (aromatic C=C stretching), 1368 (Si-C stretching), 1237 (ether C-O
stretching), 1106 (Si-OH stretching), 1045 (Si-O-Si stretching).

4.6.2. Synthesis of System 3 Polymer
The System 3 Polymer particle formation was developed by a base-catalyzed solgel process. The theoretical structure of System 3 polymer is shown in Fig. 4.6. A series of
reactions were run with increasing base concentrations to control particle morphology.

Chart 4.6: The theoretical structure of system 3 polymer.
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To determine the optimal concentration of base to produce nanoparticles during the
polymerization of this material, the reaction was performed at five different base
concentrations. In each trial, System 3 precursor (50 mg, ~0.09 mmol) was added to a vial
and degassed under argon. To the reaction flask, degassed 28 vol% ammonium hydroxide
solution and anhydrous ethanol was added. The reactions were stirred at room temperature
for 24 hours under foil, then observed under TEM. FTIR (cm-1): 3426 (Si-O-H stretching),
3046 (alkene C=C-H stretching), 2913 (alkane C-H stretching), 1623 (C-Br stretching),
1436 (aromatic C=C stretching), 1238 (ether C-O-C stretching), 1107 (Si-O stretching),
1044 (Si-O-Si stretching), 731 (Si-O stretching).
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CONCLUSION
The goal of this project was to synthesize organic-inorganic hybrid materials for
use in thermoelectric devices. The materials developed were characterized by 1H NMR,
FTIR, and elemental analysis where possible and appropriate. The photophysical properties
were explored using UV-visible and fluorescence spectroscopy. The morphology of the
materials were observed using TEM and SEM, and the reaction conditions were optimized
to promote the formation of highly ordered nanostructures.
POSS-ANT was synthesized by functionalizing POSS with a single anthracene
unit. The compound was characterized by 1H NMR, FTIR, and elemental analysis, all of
which were consistent with the predicted structure of the compound. The UV-visible
spectrum of POSS-ANT is consistent with that of anthracene, with three defined peaks
corresponding to the S0-S1 transitions of anthracene, but the spectra was hypsochromically
shifted relative to that of anthracene. This shift was attributed to the bulky POSS groups
interfering with the interactions between anthracene moieties, especially as the linkage
between POSS and anthracene in this material is a short, fairly rigid linkage. The
fluorescence spectrum of POSS-ANT was also consistent with that of anthracene, but
bathochromically shifted. The bathochromic shift in the fluorescence was attributed to
stronger interactions between anthracene moieties when bonded to a larger molecule than
when anthracene was free in solution. The photophysical data of this material in solution
does not give information about interactions in the solid-state, so thin film spectroscopy
will be performed in the future to give a more complete picture. The SEM images of the
material revealed winding rod-like structures. These highly ordered structures are likely to
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improve the thermoelectric properties of POSS-ANT, and future work may include varying
conditions to optimize the morphology of these self-assembled structures.
System 1 was synthesized from 9-bromoanthracene coupled to acrylate POSS via
Heck coupling, with eight possible cites at which to couple. The material was characterized
by 1H NMR and FTIR, demonstrating coupling at more than seven of the eight cites on
average. The UV-visible and fluorescence spectra were consistent with that of anthracene
in shape, but the UV-visible spectrum was slightly hypsochromically shifted due to the
interference of bulky POSS groups in the interactions of anthracene moieties. The
hypsochromic shift was not as strong as that of POSS-ANT, which is likely due to the
lower POSS content of System 1, as well as the extended conjugation of the system, which
may bathochromically shift the spectra and offset some of the hypsochromic shift. The
fluorescence spectrum of System 1 was more bathochromically shifted than that of POSSANT, which is consistent with the higher anthracene content of System 1 relative to POSSANT, and the long, flexible linkages between the POSS unit and anthracene moiety in this
system, which allows greater freedom for anthracene moieties to interact with one another.
The morphology of System 1 was explored by SEM, revealing amorphous features that
could act as a filler between more ordered structures. The more amorphous character of
System 1 relative to POSS-ANT is likely due to the lower POSS character of System 1 and
longer, more flexible linkages between the anthracene moiety and POSS molecule. Though
these morphological features are not ideal for thermoelectric materials as they are not
highly-ordered, conditions may be optimized in the future to yield more ordered
nanostructures. Additionally, the current morphology may be useful for thin-film
techniques, which are an area of interest for thermoelectric technologies.
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System 1 is expected have better TE performance than POSS-ANT due to the higher
anthracene moiety content, which is intended to increase the electrical conductivity of the
material. This is still expected despite the amorphous morphological features of System 1
relative to POSS-ANT, especially as conditions could still be altered to promote the
formation of more ordered structures for System 1. The thermoelectric properties of both
materials are to be characterized in the future.
System 2 precursor was synthesized by substituting 9-bromoanthracene onto (3acryloxypropyl)methyl dimethoxy silane using Heck coupling. This material was
characterized by FTIR, and was consistent with the predicted structure. System 2 polymer
was then created from the precursor using a base-catalyzed sol-gel process. FTIR was used
to confirm the presence of the bonds associated with polymerization of System 2.
Conditions were optimized during the polymerization process, giving bushy nanostructures
that resembled bowties. These structures were approximately 1.0 µm at the narrowest point
across, and 5 to 12 µm long. Nanoflowers formed under the most basic conditions tested.
These highly-ordered morphological features make the material a good candidate for
thermoelectric devices. The UV spectra of System 2 precursor and Polymer were consistent
with each other and with the UV spectrum of 9-bromoanthracene. With the extended
conjugation present in System 2, one would expect a bathochromic shift. It is possible that
none was observed because a hypsochromic shift was present due to the bulkiness of the
silane groups. The fluorescence spectra of System 2 precursor and its polymer were
consistent with one another, and bathochromically shifted relative to the spectrum of 9bromoanthracene, for the same reasons that POSS-ANT and System 1 were
bathochromically shifted in the fluorescence spectra.
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The synthesis of System 3 precursor was attempted by substitution of 9-anthracene
methanol onto 3-(bromopropyl)trimethoxysilane in a Williamson ether reaction catalyzed
by potassium carbonate, though this precursor was never isolated due to premature
polymerization. The material was characterized by FTIR, which showed peaks consistent
with the presence of hydroxyl and silicone-oxygen-silicone bonds that suggested that the
material was polymerizing during the reaction. This was confirmed by repeating the
experiment without the presence of 9-anthracene methanol and observing the same
hydroxyl and silicone-oxygen bonds in the FTIR spectrum. System 3 particle formation
was promoted by reacting the precursor in a ammonium hydroxide and ethanol solution,
which created two-dimensional, quadrilateral structures. These features were not as highly
ordered as those present in System 2, which is likely due to the lower anthracene content
of System 3 as well as the lack of extended conjugation, as pi-pi bonding enhances selfassembly of organic structures. System 3 Polymer identity was confirmed with FTIR,
which showed the presence of bonds that were consistent with those of the theoretical
structure. The UV spectrum of System 3 precursor and its polymer were consistent with
each other, and hypsochromically shifted relative to 9-bromoanthracene.

The

hypsochromic shift is attributed to the bulkiness of the silane groups reducing the
interaction between the anthracene moieties. The fluorescence spectra of System 3
precursor and its polymer were bathochromically shifted relative to 9-bromoanthracene,
though the polymer was slightly more shifted than the precursor. The stronger
bathochromic shift of the polymer is attributed to the polymer holding the anthracene
moieties in closer proximity than in the precursor, though why this is not true for System
2 precursor and its polymer is not known.
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System 2 is expected to outperform System 3 as a thermoelectric material due to its
additional anthracene moieties, more ordered morphology, and additional conjugation
which should increase the electrical conductivity of the material. The thermoelectric
characterization of these materials will be a part of future research.
Future work may involve the replacement of anthracene with other conjugated
organic systems to determine the effect that the organic component has on the
thermoelectric properties of the system. Purification methods will also be developed for
Systems 2 and 3 precursors as the proton NMR instrument is available. Due to the silicon
content of the all of these materials, purification will likely rely on the differing solubilities
of the reactants, products, and by-products of the reactions, as chromatography methods
do not work with silicon-containing samples. Conditions may be further optimized to
improve particle morphology for all of the materials, and the thermoelectric merit of these
systems will be explored.
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APPENDIX
1

H NMR

Table A.1: A table of previously developed TE materials, including carbon nanotubes
(CNT) and carbon nanotube/polymer composites (CNT +P), inorganic, organic-inorganic
hybrid materials (OIH), nanostructured material (NS), small molecules (SM), and small
molecule/polymer blends (SMPB ).
Material

P/N σ
Scm-1

κ

PF

Wm-1K-

Wm-1K-2

ZT

S

T

µVK-1

K

Ref

1

Carbon nanotubes
CNT+ polyaniline
PEDOT:PSS + carbon
nanotubes
Poly(vinyl acetate) +
carbon nanotubes+ gum
arabic
Polyaniline + carbon
nanotubes
Polyethyleneimine +
carbon nanotubes
SWNT + PEDOT:PSS
(Bi0.25Sb0.75)2Te3
(Ca2CoO3)0.7CoO2
AgBiSe2
Ba8Ga30Si30
Bi2Te0.94Sb0.06

p
p
-

17.1
400

1000
0.2-0.4 40

0.02

28
10
-

RT
RT
RT

35

-

48

-

40-50

0.006

-

300

29

p

1.25x104 -

2x10-5

0.004

40

RT

36

n

-

-

-

-

-58

RT

35

p
p
p
n

4x105
-

0.4-0.7
3
-

140
6.57x10-

0.03
0.87
1.5
-

1.06
240
0.87
1.04

300
RT
973
700
870
RT

22

5
27

37
38
39
40
37

3

BiSbTe
Bulk silicon
CoSb3
Cu2Se
Half Heusler alloy
Magnesium silicides
PbTe
Si0.8Ge0.2
Si0.98Ge0.02
Skutterdite material
SnCl2
Nanostructured bulk
silicon
Bi2Te3 (p-type)+
PEDOT:PSS

p
n
p
n

0.004
-

87.3
6.3

0.16
-

1.4
0.008
0.82
2.3
0.6
0.42
0.63
0.49
0.32
1.4
-530
0.023

400
-86
-70

RT
RT
900
400
800
800
800
1275
1275
900
RT
RT

41

p

-

-

130

-

-

RT

2

71

42
43
44
45
46
42
42
42
2
8
42

PEDOT:PSS + Bi2Te3
nanoparticles
PEDOT:PSS + Te
nanorods
Poly(3-hexylthiophene2,5-diyl) + Bi2Te3
nanowires
poly(pyrometallic
diimide-ethyelen)-5pentafluorophenyl
Poly(pyrometallic
diimide-ethylene)-5
pentafluorophenyl +
SnCl2
poly[Cu_x(Cu-1,1,2,2ethenetetrathiolate)]
poly[K_x(Ni-1,1,2,2ethenetetrathiolate)
Poly[N,N’-bis(2-octyldodecyl)-1,4,5,8napthalenedicarboximide
2,6-diyl]-alt-5,5’-(2,2’bithiophene)] + SnCl2
poly[Na_x(Ni-1,1,2,2ethenetetrathiolate)]
Te nanorods +
PEDOT:PSS
bulk PEDOT:PSS
CSA- doped polyaniline
FeCl3 polycarbazole
derivative
PEDOT thin film
PEDOT:PSS dedoped
with ethylene glycol
poly(3,4ethylenedioxythiophene)
Poly(3,4ethylenedioxythiophenetosylate)
Poly(3-hexylthiophene)
doped with NOPF6
Poly(3-hexylthiophene2,5-diyl)
Poly(phenylene vinylene)
doped with I2

n

-

-

130

0.08

-

RT

47

p

-

0.2

70

0.1

-

RT

48

p

4.5

0.86

6.3

-

118

RT

14

n

-

0.2

80

0.12

-380

300

8

n

5.7x10-4

-

1.4x10-4

-

-380

RT

8

p

-

-

-

0.01

-

400

19

n

-

-

66

0.2

400

19

n

-

-

10

-

121.6
-

RT

8

n

-

-

-

0.1

-

400

19

-

-

0.2

70

0.1

-

RT

2

p

0.032

-

-

10.7

RT

6

-

-

5
34

RT

28

p

160
160

3.66
x10-4
4x10-7
1.9x10-5

n
p

-

-

-

0.42

-57
-

10
RT

49

p

-

-

-

0.25

-

300

19

p

300

-

324

0.25

780

RT

24

p

1

-

10-7

-

-

RT

50

p

9.3

0.2

0.5

-

24

RT

14

p

349

-

7.8x10-5

-

47

RT

28

72

28

25

Poly(pyrometallic
diimide-ethylene)-5
pentafluorophenyl
Poly[N,N’-bis(2-octyldodecyl)-1,4,5,8napthalenedicarboximide
2,6-diyl]-alt-5,5’-(2,2’bithiophene)]
poly[N,N'-bis(2-octyldodecyl)-1,4,5,8napthalenedicarboximide2,6-diyl]-alt-5,5'-(2,2'bithiophene)]
Polyacetylene
Polyacetylene doped with
I2
Polyacetylene
stretchoriented FeCl3doped
Polyaniline + naphthalene
sulfonic acid
Polyaniline +camphor
sulfonic acid + HCl
Polyaniline nanotubes =
aniline + naphthalene
sulfonic acid
Polypyrrole doped with
PF6Poly(2,7-carbazole) +
poly(indolo[3,2-carbazole)
+ poly(diindolocarbazole)
Polythiophene + poly(3ethylthiophene)
nanofiber PEDOT:PSS
nanorod PEDOT:PSS
nanotube PEDOT:PSS
PEDOT nanowire
perylene diimide

n

-

0.2

80

0.12

-

RT

8

n

0.001

-

0.0095

-

-280

RT

8

n

0.00124

-

0.0095

-

-280

RT

8

p
p

104
44250

-

4x10-4
2.7x10-4

-

20
14

RT
-

51

-

-

-

2x10-3

-

-

220

52

p

4.5x10-3

0.21

-

-

212.4

300

26

-

300

-

-

2.7x10- -

423

53

Poly(methyl
methacrylate) +
polyaniline + CSA
Polystyrene + polyaniline
+HCl

52

4

p

7.7x10-3

0.21

-

-

212.4

300

54

p

350

-

2x10-4

-

10.5

RT

55

p

160

-

19

-

34

RT

26

p

47

0.17

-

0.03

130

RT

26

p
p
p
n
n

71.4
0.4

-

16.4
0.56
1.41
9.2x10-5
1.4

-

48
-122
-180

RT
RT
RT
310
RT

6

p

10-3

-

-

-

8

RT

28

p

0.046

-

6.4x10-6

-

8

RT

28

73

6
6
49
8

Figure A.1: 1H NMR of POSS-ANT.
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Figure A.2: 1H NMR of System 1.
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Figure A.3: SEM image of System 1 containing significant unreacted 9bromoanthracene after drop-casting onto glass substrate from dichloromethane after
removal of the gold and palladium sputter-coating.

Table A.2: The BEI data corresponding the areas 1 and 2 in the image in Figure 3.
Area 1
Elt. Line
C
Br

Ka
Ka

Area 2
Elt. Line
C
O
Si
P
Br

Ka
Ka
Ka
Ka
Ka

Intensity
(c/s)
47.20
5.18

Intensity
(c/s)
82.59
4.65
3.04
33.82
1.82

Atomic
%
96.778
3.222
100.000

Conc

Units

81.869
18.131
100.000

wt.%
wt.%
wt.%

Atomic
%
89.985
7.389
0.154
1.657
0.815
100.000

Conc

Units

81.891
8.958
0.327
3.889
4.935
100.000

wt.%
wt.%
wt.%
wt.%
wt.%
wt.%

Error
2-sig
3.129
2.196

MDL
3-sig
0.867
1.183
Total

Error
2-sig
2.354
1.241
0.099
0.193
0.943

MDL
3-sig
0.549
0.953
0.131
0.131
1.415
Total
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